S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



BSHEAL-00085; No of Pages 3

Biosafety and Health xxx (2020) xxx

journal homepage: www.elsevier.com/locate/bsheal

Contents lists available at ScienceDirect

Biosafety and Health

“Genetic tuning” of avian influenza virus host adaptation from birds

to humans

Yasuha Arai, Yohei Watanabe *

Department of Infectious Diseases, Graduate School of Medical Sciences, Kyoto Prefectural University of Medicine, Kyoto 602-8566, Japan

Emerging viral infections are a growing threat to human health and
often have originated from zoonotic diseases [1]. Viruses infecting animals
can cross the interspecies barrier and infect humans by the evolution of ge-
netic variants with more fit replication in mammals, which has been de-
fined as “genetic tuning” [2].

All the influenza A virus subtypes have been isolated from wild birds. In-
fluenza A viruses cross the avian-human species barrier by acquiring ge-
netic mutations or reassortments that enable them to adapt to humans
[3]. Several avian influenza viruses (AIVs) (e.g., HSN1, H7N7, HON2,
H7N9, H5N6 and H7N4) can infect humans and cause respiratory diseases
with a range of severity [4]: these have been geographically centered in
Asia and the Middle East. Mutations for adaptation to infect mammals
have been mainly identified in the viral hemagglutinin (HA) surface anti-
gen and in the viral polymerase PB2 subunit [3].

The best-characterized human adaptation mutation is the PB2-E627K
substitution. Historically, past pandemic influenza viruses (i.e., Spanish
influenza virus-1918, Asian influenza virus-1957, and Hong Kong influ-
enza virus-1968) have acquired this mutation [3]. The PB2-E627K muta-
tion enables an AIV polymerase to be catalytically more active in
mammalian cells at lower temperature, allowing enhanced AIV replica-
tion in mice and in human upper respiratory tract. Although the mech-
anism underlying mammalian adaptation by E627K has not been
determined, several theories have been proposed, including a structural
alteration to regulate polymerase activity and usage of host factors like
ANP32A [5]. Other mammal adaptation mutations have been identified
in the PB2 C-terminal region (e.g., K526R, Q591K, E627V and D701N)
[3,6-8].

The viral HA binds sialylglycan, which is the host cell membrane recep-
tor for influenza viruses: HA recognizes the specific linkage between the
terminal sialic acid and penultimate galactose [3]. AIVs need to change
their HA binding preference from the avian-type a2,3 linkage to the
human-type a2,6 linkage to efficiently infect humans. Other viral genes
also can affect the host range of influenza viruses. An example is neuramin-
idase (NA), another viral surface antigen that functions opposite to HA and
releases the virus from its sialylglycan receptor. Thus, a functional
rebalancing between HA binding affinity and NA cleavage activity, which

is sometimes linked with decreased NA activity, is critical for an ALV to
adapt to infect mammals [9].

Most past studies of AIV adaptation dynamics to infect mammals have
been in cell cultures and animal models [10-12]. However, there has
been little information about the “genetic tuning” of AIVs in patients, be-
cause the dynamics of host adaptation at the bird-human interface by ge-
netic mutations is so fluid in nature. Many questions must be answered
about AIV adaptation to infect humans. For example, do more fit virus var-
iants already exist in birds in the field as minor variants before they are
transmitted to humans? How rapidly does a more fit virus variant emerge
and become dominant in a new infected host? Is there any correlation be-
tween the emergence of a more fit variant in a clinical patient and the sever-
ity of the disease and/or the outcome in that patient?

Although the dynamics of virus adaptation to infect a different host species
has been difficult to analyze, deep sequencing may offer a useful approach to
address this problem. In a breakthrough achievement, Liu et al. [13] have di-
rectly deep sequenced the original virus-positive samples from 39 H7N9 influ-
enza patients in China and from 38 poultry/environment samples from the
patient-contacting live bird markets, and traced the dynamics of the nucleo-
tide substitutions in their H7N9 PB2 sequences containing residue 627,
which is a key amino acid residue for AIV adaptation to humans (See Fig. 1.).

To elucidate H7N9 virus “genetic tuning”, Liu et al. used two indices:
(1) the ratio of PB2-627K to PB2-627E (i.e., the sequence depth of 627K
to 627E, designated the K/E ratio) and (2) the sequence depth of K and E
in PB2-627 whole sequence depths (designated the K ratio and E ratio, re-
spectively). The overall data on viral adaptation showed distinct modes of
evolution for the PB2-E627K substitution between viruses from poultry
and from humans. Patient samples had diverse K/E ratios ranging from
1,510:1 to 1:2,000 with divergent PB2 dominance (K ratio: 0 to 98.29%),
indicating drastic adaptation dynamics within each infected individual. In
contrast, a substantial fraction (31.6%) of surrounding poultry/environ-
ment samples had no PB2-627K even under high sequencing depths (>
1,000), with constant 627E dominance in all samples (E ratio: > 99%).
The adaptation dynamics in infected patients was confirmed by the gra-
dual replacement of 627E by 627K in longitudinally collected specimens
from one H7N9 influenza patient. These data suggested that H7N9 host
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One-health vision
at bird-human interface

Consistently dominant PB2-627E

Diversely occurring PB2-627K,
indicating H7N9 “genetic tuning” in vivo

Fig. 1. Deep sequencing of H7N9 influenza viruses from patients and from their surrounding poultry/environment allowed analysis of the dynamics of H7N9 genetic
mutations at the bird-human interface for host adaptation, providing the first in-depth data on H7N9 “genetic tuning” in clinical patients. This was a one-health approach
for analyzing a zoonotic virus in the field and should be applicable to a wide range of emerging viruses and enable mitigation of public health risk.

adaptation to a more fit phenotype to infect a human host occurred in
H7N9-infected patients. There was also more rapid host adaptation of the
PB2-E627K mutation in fatal infection cases than in cases where the patient
survived, indicating a correlation between H7N9 virus adaptation in pa-
tients and disease severity and outcome. These data on zoonotic virus “ge-
netic tuning” during human infection are important for our understanding
of AIV interspecies adaptation in the one-health concept.

Liu et al. [13] also identified some interesting dynamics of H7N9 adap-
tation in infected patients. First, PB2-E627K substitution became dominant
in a substantial fraction (72.22%) of patients, but not in all patients. There-
fore, what factor(s) caused different E627K substitution dynamics in differ-
ent patients? AIV strains should carry nucleotide variations in their
genomes, which may affect the temporal order or pattern of other nucleo-
tide mutations during viral adaptation to infect humans. However, variance
in the E627K substitution may reflect patient age, disease history, immune
condition, and/or the time from the initial virus exposure to the specimen
sampling. Second, the data also showed distinct substitution dynamics of
the PB2-D701N mutation compared to the PB2-E627K mutation: no domi-
nant 701 N was detected in all specimens. This indicated a less essential role
for D701N in determining virus fitness during H7N9 adaptation to infect
humans or that E627K emergence may have suppressed the subsequent
emergence of other adaptive mutations, producing a sequential order in
the mutations in patients. Future studies with animal infection models
may answer these questions.

To make further progress in elucidating AIV adaptation to infect
humans, it will be crucial to address some remaining questions. Ferret pas-
sage studies [11, 12] have shown that H5SN1 Al variants have acquired a
characteristic set of phenotypic changes by a series of HA mutations to be
airborne transmissible. The H5N1 variants sequentially changed their re-
ceptor binding preference, pH threshold for membrane fusion, and HA sta-
bility to balance AIV adaptation for intra-host infection and inter-host
transmission, which are distinct properties as reported previously [10].
Therefore, the rate at which such adaptive HA mutations occur, serially
or simultaneously, in AIV-infected patients is one of the prime questions
that remains to be elucidated.

Another question is the role of different compensating adaptive muta-
tions. For example, past studies have suggested distinct roles for the PB2-

D701N and PB2-K526R mutations when combined with the PB2-E627K
mutation. The PB2-D701N and PB2-E627K mutations have not been de-
tected together in an AIV in the field with a few exceptions, implying little
synergism between these two mutations [7]. In contrast, the K526R/E627K
(V) double mutation has been detected in AIVs in the field, with strong syn-
ergistic effects in H7N9 and HON2 adaptation to infect mammals [6,8].
Thus far, there has been no in-depth data on the dynamics of multiple adap-
tive mutations during viral transmission between hosts in different species,
which would be useful for understanding the compensatory roles of muta-
tions in AIV adaptation. The deep sequencing approach of Liu et al. has
the potential to answer these key questions. Indeed, Liu et al. identified
co-emergence of the D701E and E627V substitutions in the same alleles
in several H7N9 influenza patients, which implied a compensatory role or
interdependency of such substitutions during H7N9 virus adaptation to in-
fect humans. Additional studies are needed to elucidate the synergistic ef-
fect of D701E and E627V on virus properties (e.g., pathogenicity and
transmissibility).

Deep sequencing does have some limitations. The fragmentation of PCR
amplicons for deep sequencing complicates the analysis of multiple muta-
tions that are at a substantial distance from each other in the same allele
(i.e., PB2-526 and — 627). Therefore, deep sequencing is regularly combined
with multifaceted approaches (e.g., classical virological methods and Sanger
sequencing). However, the study by Liu et al. [13] has opened the way toward
a better understanding of the evolution of interspecies adaptation by zoonotic
viruses. Deep sequence analysis can provide valuable data on “genetic tuning”
in adaptation for interspecies infections of other zoonotic viruses, including
SARS-CoV-2 [14] and the novel swine influenza virus reported in China
[15]. A better understating of the adaptation dynamics that involves the inter-
dependence between virus and host species may be useful for mitigation of fu-
ture pandemic public health risks in a one-health approach.
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